Bovine antibodies, such as immunoglobulin G (IgG), cannot pass the placental barrier and as such are not transferred from the mother to the foetus, in utero. Instead a calf must absorb antibodies following ingestion of colostrum postpartum. Failure of Passive Transfer (FPT) is a condition that predisposes calves to development of disease and increases the risk of mortality. Thus, continuous early monitoring of IgG absorption in a calf, within the first 24 hours of life, is imperative to allow faster treatment and prevent FPT. In this paper, we present the development of a label-free impedimetric immunosensor device for bovine IgG in serum and demonstrate its suitability to determine early FPT in new-born calves. The developed sensors were challenged to discriminate between new born calf sera, both pre-and post-colostrum feeding, and demonstrated efficent detection of IgG in under 15 minutes. Such a device could enable rapid determination of FPT, thereby improving calves' vitality and survival rate.
Introduction
Monitoring of new-born calves is essential to their early health and survival, and to their long term productivity. Bovine antibodies, such as immunoglobulins G (IgG), cannot pass the placental barrier and as such are not being transferred from the mother to the foetus, in utero. 1 New-born calves instead, gain all their antibodies from their mother's first milk, colostrum, which has a substantially higher concentration of antibodies than the milk that is generally produced. The ingestion of colostrum allows the new born calf absorb IgG, into their blood stream through the epithelial cells of the small intestines. 2 This passive transfer is crucial for the new-born to establish an immune system to fight diseases; until they can actively produce their own antibodies. Many factors influence effective passive transfer, particularly, timing of ingestion, quality of the colostrum, method of feeding, and volume of colostrum consumed. A minimum of 3 litres of colostrum is required for adequate immunity. Timing of colostrum ingestion is also critical as IgG absorption is at the highest during the first 6 hours of feeding and begins to decline rapidly after 12 hours. The cessation of antibody absorption is termed "gut closure", and occurs at approximately 24-36 hours, postpartum. [2] [3] [4] Failure Passive Transfer (FPT) is a condition that predisposes calves to development of disease and increased risk of mortality. 5 In Ireland, 39% of calf mortality is attributed to FPT. 6 This immunodeficiency can be corrected by immediately placing calves in a clean environment with limited exposure to harmful pathogens. A treatment plan using plasma, whole blood, or broad spectrum antimicrobials can then be administered. However, in order to instigate this treatment strategy, FPT must be rapidly diagnosed on-farm. Currently, adequacy of passive transfer of IgG is generally assessed at 18-48 hours after birth, outside of the critical absorption window. Thus, continuous early monitoring of IgG absorption within the first 24 hours is imperative to allow faster treatment and prevent FPT. Consequently there is an urgent need to develop an economical point-of-care device capable of rapid detection of IgG on-farm to provide informed decision support to both farmers and vets.
Electrochemical transducers have been a favourable option for point of care immunosensors due to their low cost, simple and fast method of delivering diagnostic information, thereby improving diagnostic efficiency. [7] [8] [9] [10] Electrochemical devices can be designed to allow for simultaneous measurements of multiple analytes; 11 are ready compatible with integrated circuits 12, 13 and microfluidics. 14 They may be integrated into portable devices which are user friendly without compromising on sensitivity or specificity, enabling operation by the nonspecialist thereby eliminating the need for trained technicians. An additional benefit is that these devices allow for label-free detection of biomolecules. Electrochemical impedance spectroscopy (EIS), in particular, can monitor with high sensitivity the changes in capacitance or charge-transfer resistance associated with material binding at specifically prepared receptive electrode surfaces and don't require a labelling step. 15, 16 In this paper, we present the development of an impedimetric immunosensor device for bovine IgG and demonstrate its suitability to determine FPT early in new-born calf sera. First, we developed an electrode modification technique for the selective immobilisation of biomolecules to an electrode surface. The functionality of immunosensors was then confirmed over a range of target concentrations using diluted bovine sera. To explore the sensors applicability to samples obtained from new born calves, a number of sensor were challenged to Please do not adjust margins Please do not adjust margins discriminate between new born calf sera, both pre-and postcolostrum feeding with a time to detection of ~15 minutes. These results suggest the potential of these electrochemical devices for future on-farm diagnostic and monitoring applications and could enable rapid determination of FPT, thereby improving calves' vitality and survival rate.
Materials and Methods

Material
Bovine purified IgG (PBP002) was purchased from Bio-Rad Laboratories, Oxford, UK, along with anti-Bovine IgG polyclonal antibody (AAI23) and biotinylated anti-Bovine IgG polyclonal antibody (AAI23B), both produced in sheep and streptavidin conjugated with HRP (STAR5B). Anti-Bovine IgG produced in mouse (B6901) was purchased from Sigma Aldrich. Calf sera samples were provided by Teagasc, Moorepark, Cork, Ireland. Skimmed milk powder and NANNYcare® goat based milk powder was purchased from the local supermarket. oaminobenzoic acid (o-ABA), aniline (ANI), phosphate buffer saline (PBS) and acetate buffer (10 mM, pH 4.0) and were purchased from Sigma Aldrich. PBS buffer was prepared to 10 mM by mixing one PBS tablet in 200 mL of DI water, pH 7.4. HBS-EP buffer was prepared by mixing 10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.005 % Tween-20 in DI water and adjusted to pH to 7.4 with 5 % sodium hydroxide solution. All other reagents were purchased from Sigma Aldrich, unless otherwise stated and used as received. Deionized water (resistance 18.2 MΩ cm-1) was obtained using an ELGA Pure Lab Ultra system
Enzyme-Linked Immunosorbent Assay Analysis
Two commercial capture antibodies were assessed for this work, mouse anti-Bovine IgG and sheep anti-Bovine IgG (Bo IgG), by Enzyme-Linked Immunosorbent Assay (ELISA). The antibodies were diluted to 1 µg/mL in 10 mM PBS and 100 µL was incubated in each well of an ELISA plate (Nunc-Immuno™ MicroWell™ 96 well solid plates) at 4 °C, overnight. Plates were rinsed three times with washing buffer (PBS + 0.05 % Tween20) with a plate washer (DiaSource). Each well was filled with 200 µL of 5 % skimmed milk in 10 mM PBS (to prevent any other biomolecules absorbing onto the well surface and allow for specific detection) incubated for one hour, and rinsed three times, as before. The target Bo IgG (BioRad) was diluted into working solutions of varying concentrations (4 ng/mL -300 ng/mL) in 10 mM PBS. Each of these solutions were incubated in triplicate in the ELISA plate for one hour. Additionally, 10 mM PBS was also incubated in three wells to allow for background subtraction. The plate was rinsed and a dilution of biotinylated sheep anti-Bo IgG (1:5000 in PBS; BioRad) was aliquoted into each well. After one hour this solution was rinsed from the plate and replaced with diluted Streptavidin -HRP (1:4000 in PBS) for 15 mins. The plate was rinsed three times with PBS + Tween20 for a final time. A volume of 100 µL of TMB, containing 12 mM H2O2, in 50 mM phosphate citrate buffer at pH 5 was pipetted into each well. After 5 mins, 50 µL of 1 M sulphuric acid was pipetted into each well to stop further reaction. The absorbance of each well was measured at 450 nm using an ELISA plate reader (DiaSource).
Sensor Design and Fabrication
On-chip devices containing Au microband electrodes, parallel Au counter and Pt pseudo-reference electrodes, and Au interconnection tracks and peripheral contact pads, were fabricated using standard nanofabrication processes on Si substrates, as described in detail by Dawson et al. 17 A 4-inch wafer, bearing a 300 nm layer of thermally grown silicon dioxide, produced 28 identical devices (9.78 x 17.52 mm). Each chip contains six microband working electrodes (55 µm x 1 µm x 60 nm) which are 0.94 mm apart. These chips were designed with an microSD contact-pad metallisation pin-out to facilitate simple electrical connection to external electronics via a MicroSD port. 18
Sensor Characterisation
Optical inspection of devices were undertaken using a calibrated microscope (Olympus, Tokyo, Japan) furnished with a charge-coupled detector camera. Electrochemical experiments were performed using an Autolab Potentiostat/ Galvanostat PGSTAT128N (Metrohm Ltd, Utrecht, The Netherlands) controlled by the Autolab NOVA software. Each microband was characterised by electrochemical impedance spectroscopy (EIS) in 1 mM ferrocene monocarboxylic acid (FcCOOH) in 10 mM PBS (pH 7.4). A three electrode configuration was adopted, using a single gold microband as a working electrode versus the on-chip counter and pseudoreference electrodes. The EIS measurements were performed at a frequency range of 100 mHz to 10 kHz at a potential of 200 mV. The amplitude of the alternating voltage was set at 5 mV. All experiments were performed in a custom-made cell, at room temperature and in a Faraday cage.
Electrode modification and detection of Bovine IgG
Prior to use, devices were cleaned by immersing in acetone and sonicating for 10 mins followed by deionised water, and drying with N2. Cyclic voltammetry was then employed for electropolymerisation of a co-polymer consisting of oaminobenzoic acid (o-ABA, 50 mM) and aniline (100 mM). The co-polymer was deposited with a ratio of 9:1 in 1 M H2SO4 for 20 cycles, to create a carboxylic terminated polymer layer at the gold electrode surface. A fresh NHS/EDC mixture was prepared in 10 mM acetate buffer, pH 4.0 and subsequently deposited onto the polymerized electrodes, for approximately 30 min, to activate the surface. The capture molecule was covalently attached to the working electrode by droplet deposition and subsequent incubation at room temperature for 2 hours. Once the capture molecule was immobilised onto the surface, the device was rinsed in acetate buffer, pH 4 with 0.05 % Tween20, to remove unbound molecules, then rinsed again with Journal Name ARTICLE Please do not adjust margins Please do not adjust margins deionised water and dried with N2. Any remaining active binding sites were capped by immersing working electrodes in 1 M ethanolamine HCl for 10 mins, the surface was then further blocked for 20 mins using 0.5 % NANNYcare® goat milk in PBS.
The device was cleaned in HBS-EP buffer and deionised water, before EIS measurements were taken. Impedimetric scans were performed to establish a baseline measurement for the sensor. Target Bo IgG detection was investigated in three samples; (i) spiked concentrations of Bo IgG into pooled pre-colostrum (seronegative) sera and (ii) undiluted and (iii) diluted precolostrum (seronegative) and post-colostrum (seropositive) sera samples. Sera samples were incubated on an electrode for a total ~10 minutes. Electrodes were then rinsed thoroughly with HBS-EP buffer and DI water to remove non-specifically bound target biomolecules; prior to subsequent electrochemical measurement. All data were fitted using an equivalent circuit (NOVA) and experimental data were background subtracted using the values for the blocking baseline as defined.
Results and Discussion
ELISA
Two commercial antibodies were analysed, using ELISA, to assess their integration with Bo IgG and establish an optimum blocking step, for subsequent use with the electrochemical sensor devices. ELISA standard calibration curves are shown for the detection of Bo IgG using a mouse anti-Bo capture molecule, Figure 1 (a) and a sheep anti-Bo capture molecule Figure 1 (b) . The anti-Bo IgG raised in mouse had a linear range from 60 -200 ng/ml while the protein raised in sheep had a linear portion at 60 -100 ng/ml. All samples were measured in triplicate and fitted using a logistic fit in Origin. Errors bars are the standard deviations of the mean for three well replicates. As the Bo IgG concentration was increased, both ELISA absorbance readings increased, proving both antibodies to be suitable capture molecules. However, the bovine based skimmed milk, based blocking exhibited a high degree of non-specific binding during ELISA measurements in serum, thus a goat based blocking NANNYcare® was adopted as an alternative blocking solution. Employing NANNYcare® solution the sheep anti-Bo IgG capture showed lower non-specific binding in sera samples and used going forward.
Optical Characterisation of the Sensor
Before use, sensor devices were examined optically. Any devices displaying visual defects were discarded. The gold counter and platinum reference electrodes can clearly be seen running along the length of the six WEs in Figure 2 (a) . There are contact pads on both sides of the device to permit electrical contact. On the right there are six pads to connect to each of the six WEs. On the left side there are eight pads, to connect to the RE and CE, as well as the six WEs. These pads are longer to allow electrical connection using a microSD port. The optical micrograph in Figure 2 (b) shows an individual microband with the passivation window opened to permit contact between a working electrode and the measurement solution. Visual inspection ensures the passivation window is in the correct position and the interconnection tracks weren't exposed. An electrochemical sample cell as shown in Figure 2 (c) was employed. For electrical connection, spring loaded pins were inserted into the Teflon lid and connect with the contact pads. This lid can make use of the contact pads on both sides of the sensor device. The cell is designed to facilitate sample volumes in the range of 50 µL to 5 ml.
Detection of Bo IgG
The immobilisation of polymer layer, capture antibodies and target molecules at an electrode surface forms a partially insulating layer (increasing with each immobilisation step). This reduces electron transfer between the redox probe in solution,
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Please do not adjust margins FcCOOH, and the electrode surface, which can then be monitored electrochemically. Following electrodeposition of the polymer onto the surface, EDC/NHS crosslinking chemistry was used to attach the capture sheep anti-Bo IgG to the surface. EDC is used to couple NHS to the carboxyl group and form a stable intermediate. This allows for efficient conjugation to primary amines on the biomolecules, thereby covalently attaching the biomolecule to the polymer surface. 19 Once the capture molecule was bound to the surface, ethanolamine was used to quench any remaining active sites, such that the incoming target could only bind specifically to a capture antibody. An additional blocking step was also included to decrease potential non-specific binding from adsorption of protein onto the sensor surface. Casein is a protein found in mammalian milk and often applied as a blocking agent in immunosensors. 20 A goat's milk based powder was chosen to eliminate any possible interference from bovine proteins which may bind to the anti-Bo IgG. The electrochemical measurement of this step was used as the experimental baseline for the detection of Bo IgG, see Figure 3 (a) purple data. A modified Randles' equivalent circuit, Figure 3 (a) inset, was modelled using the NOVA software.
As microband electrodes are time independent and not diffusion limited, the Warburg impedimetric component of the Randles' circuit is negligible. The constant phase element, Q, accounts for any capacitance which is independent of frequency. The change in the surface properties of the electrode are mainly mirrored in changes to the charge transfer resistance (Rct), as it represents the transfer electrons during the redox reaction of the FcCOOH probe. Therefore, measuring the increase in Rct was employed as both the monitoring mechanism for electrode surface modification and for the detection step of IgG in serum. To assess sensor efficacy, sensors were challenged with a range Bo IgG concentrations, spiked into whole pooled serum (pooled from seven precolostrum samples of calf sera) see Figure 3 (a). A sensor was first exposed to this seronegative pre-colostrum pooled serum (red line). Some non-specific binding can be seen by the slight increase in the Rct ~33 MΩ between the sensor baseline (purple) and the negative serum (red), which was expected. A detection cut-off point or titre approach may be used to correct for this at the fully developed end application stage. The sensor was then exposed to the spiked sera of known Bo IgG concentrations and measured using EIS. An increase in Rct, i.e. the semicircle diameter, was observed with increasing Bo IgG concentrations. This strongly suggests that the antibodies selectively bound to the immobilised capture anti-Bo IgG, further blocking the electron transfer from FcCOOH at the electrode. A semi-logarithmic relationship exists between the concentration of the target and the change in Rct, see Figure 3 (b). This correlates with the trend seen in the ELISA standard calibration curve.
A number of chips were then modified and challenged with unpooled pre-colostrum and post-colostrum samples. A typical EIS measurement displaying the antibody response obtained The pre-colostrum samples had negligible increase in colostrum impedance as the red measured line overlaps well with the background modified electrode response. By contrast, the post-samples exhibited large changes in impedimetric response, increasing by > 2500 MΩ (green) from the baseline which was outside (above) the calibration range. This strongly suggests that the sensor is specific to Bo IgG and is largely unaffected by other proteins present in a serum sample.
Five calf's sera samples pre-(red) and 24 hours post-colostrum (green) after antibody absorption should have occurred, samples were diluted (to fit in calibration range) and assessed in a similar manner. The bar chart in Figure 5 presents the background subtracted delta Rct of all ten sera sample assayed. The pre-colostrum samples exhibited minor increases in impedance (<150 MΩ) arising from some non-specific binding as previously discussed. The post-colostrum samples exhibited a much greater change increase in impedance >450 MΩ (time to results was 15 minutes). These data strongly suggest that using the electrochemical microband sensors presented herein uptake of maternal antibodies can be successfully monitored. This fast analysis time is ideal for on farm use and would allow veterinarians to target calves with poor antibody absorption early, thereby reducing the need for broad spectrum antibiotics and associated costs.
Conclusions
On-chip electrochemical immunodevices were successfully developed for the detection of Bo IgG in serum. A biocompatible molecule poly (aniline-co-o-anthranilic acid) was cross-linked through EDC/NHS coupling to the capture probe. The anti-Bo IgG probe remained on the surface through repeated cleaning steps without deterioration. The system was assessed with the target molecule and showed successful binding measured by an increased Rct of the microband. Similar to the ELISA, sensors showed a semi-logarithmic relationship between the concentration of the target and the Rct of the probe molecule. An appropriate blocking solution was used to diminish nonspecific binding in real samples. The negative and positive samples were clearly distinguishable. The short analysis time (10 mins serum incubation, 5 mins scanning) makes this device suitable for on-farm use. The only pre-treatment required is a simple dilution by a factor of ten.
